Dentin matrix protein 1 (DMP1) is essential to odontogenesis. Its mutations in human subjects lead to dental problems such as dental deformities, hypomineralization and periodontal impairment. Primarily, DMP1 is considered as an extracellular matrix protein that promotes hydroxyapatite formation and activates intracellular signaling pathway via interacting with avb3 integrin. Recent in vitro studies suggested that DMP1 might also act as a transcription factor. In this study, we examined whether full-length DMP1 could function as a transcription factor in the nucleus and regulate odontogenesis in vivo. We first demonstrated that a patient with the DMP1 M1V mutation, which presumably causes a loss of the secretory DMP1 but does not affect the nuclear translocation of DMP1, shows a typical rachitic tooth defect. Furthermore, we generated transgenic mice expressing NLS DMP1, in which the endoplasmic reticulum (ER) entry signal sequence of DMP1 was replaced by a nuclear localization signal (NLS) sequence, under the control of a 3.6 kb rat type I collagen promoter plus a 1.6 kb intron 1. We then crossbred the NLS DMP1 transgenic mice with Dmp1 null mice to express the NLS DMP1 in Dmp1-deficient genetic background. Although immunohistochemistry demonstrated that NLS DMP1 was localized in the nuclei of the preodontoblasts and odontoblasts, the histological, morphological and biochemical analyses showed that it failed to rescue the dental and periodontal defects as well as the delayed tooth eruption in Dmp1 null mice. These data suggest that the full-length DMP1 plays no apparent role in the nucleus during odontogenesis.
INTRODUCTION
Dentin matrix protein 1 (DMP1), a member of the small integrinbinding ligand, N-linked glycoproteins family, 1 plays essential roles in osteogenesis and odontogenesis. DMP1 mutations in humans result in autosomal recessive hypophosphatemic rickets-1 (ARHR1; OMIM#241520), characterized by rickets/osteomalacia, hypophosphatemia and elevated circulating fibroblast growth factor 23.
2
Dmp1 null mice also develop an ARHR-like phenotype. 2 The teeth of Dmp1 null mice display enlarged pulp cavities and root canals, increased thickness of the predentin zone with a reduced dentin wall, hypomineralization of dentin, abnormalities in the ultrastructure of dentinal tubules, delayed development of the third molar, breakdown of periodontal structures and other consequences. [3] [4] [5] [6] Several lines of evidence support the finding that DMP1 acts as an extracellular matrix protein. First, the initial 16 amino-acid residues of DMP1 deduced from its cDNA is a typical endoplasmic reticulum (ER) signal sequence, and this protein is found abundantly in the bone and dentinal matrix. [7] [8] Second, the DMP1 protein sequence contains some specific acidic clusters that control the formation of oriented calcium phosphate crystals. [9] [10] Gajjeraman and others [11] [12] [13] further confirmed that both the full-length DMP1 and the COOH-terminal fragment could accelerate the nucleation of hydroxyapatite crystals. Lastly, studies from our lab and others demonstrated that DMP1 has the ability to activate the extracellular signal-regulated kinase/mitogen-activated protein kinase pathways via the avb3 integrin, leading to the translocation of phosphorylated cellular Jun N-terminal kinase (JNK) into the nucleus and the concomitant upregulation of transcriptional activation by phosphorylated c-Jun. 3, [14] [15] However, in vitro studies indicated that DMP1 also might function as a transcription factor in the nucleus. George et al. 16 first reported that the DMP1 protein sequence contained a functional nuclear localization signal (NLS) sequence, which was thought to be responsible for the nuclear import of full-length DMP1 in pre-odontoblast-like cell. They further demonstrated that the extracellular full-length DMP1 could be internalized via endocytosis mediated by glucose-regulated protein-78, an ER chaperone protein found on the plasma membrane of pre-odontoblasts and subsequently transported into the nucleus. Once in the nucleus, DMP1 regulates the transcription of odontoblastspecific genes such as DSPP. [16] [17] These investigators proposed that during the maturation of the pre-odontoblast/odontoblast, this nuclear DMP1 would be phosphorylated by casein kinase II, leading to its exportation into the extracellular matrix where it promotes hydroxyapatite formation. 16 However, the role of nuclear DMP1 has been challenged by the identification of several patients who presumably have normal nuclear localization of DMP1 due to a biallelic nucleotide substitution in the DMP1 start codon (ATG to GTG, or ARG), but who display hypophosphatemic rickets. 2 Therefore, whether DMP1 can enter the nucleus and function as a transcription factor in vivo needs to be further studied.
This study was aimed at determining the in vivo function, if any, of the nuclear DMP1 in odontogenesis. Our human studies revealed that an ARHR patient, with a M1V mutation at the DMP1 start codon, manifested typical rachitic dental defects. Animal studies showed that the targeted expression of NLS DMP1 in the Dmp1 null nucleus failed to rescue the Dmp1 null dental defects, suggesting that DMP1 plays no apparent role in the nuclei during odontogenesis.
MATERIALS AND METHODS

Human subjects
The study protocol and patient consents were reviewed and approved by the Institutional Review Boards at the University of Ottawa. Dental radiographs were obtained from the previously described individual. 2 Generation of col1a1-NLS DMP1 transgenic mice For the generation of the Col1a1-NLS DMP1 transgene, ER-entry signal sequence of the full-length mouse Dmp1 cDNA, was replaced by an NLS (PPKKKRKV) sequence ( NLS DMP1). Together with a SV40 polyadenylation signal, the NLS DMP1 was cloned into the EcoR V and Sal I sites of a mammalian expression vector 18 downstream of the 3.6 kb rat type I collagen promoter plus a 1.6 kb intron 1. The Col1a1-NLS DMP1 transgene was then released from the vector backbone by Sac II and Sal I and purified for pronuclear injection. Transgenic founders with a C57B/L6 background were generated at the UT Southwestern Medical Center (Dallas, TX, USA). Genotyping was conducted as previously. [3] [4] Targeted expression of the NLS DMP1 in Dmp1 null mice Three of five independent transgenic lines were separately crossed with Dmp1 null (Dmp1 
Histology
Animals were sacrificed at different ages (10-day-old, 3-week-old, 6-week-old and 1-year-old) and perfused with freshly prepared 4% paraformaldehyde in phosphate buffer solution (PBS) (pH 7.4). The lower jaws were dissected and decalcified, followed by standard paraffin embedding. Sections (4.5 mm) were cut for histochemistry staining and immunohistochemistry staining as previously described. 2 Toluidine Blue and Sirius Red (also called 'Direct Red 80') were obtained from Sigma (St Louis, MO, USA). Sections were stained with Toluidine blue for 5 min, while Sirius Red for 1 h. The tartrate resistant acid phosphatase (TRAP) staining and immunohistochemistry procedures were previously described. 2 Antibodies used for immunohistochemistry included anti-Dmp1-C-terminal polyclonal antibody, 19 anti-rat DSP monoclonal antibody 20 (also recognize DSP from mice 21 ) and anti-Biglycan monoclonal antibody. 22 After staining, sections were dehydrated, mounted, and imaged under light microscopy and/or polarized microscopy (ECLIPSE 80i; Nikon, Tokyo, Japan).
High-resolution radiography, microcomputed tomography and resin cast scanning electron microscopy The mouse mandibles were fixed in freshly prepared 4% paraformaldehyde/PBS (pH 7.4) for two days, then dissected free of muscle and kept in 0.5% paraformaldehyde/PBS (pH 7.4). High-resolution radiographs were taken using a plain X-ray radiography system (Faxitron MX-20DC12 system; Faxitron Bioptics, Lincolnshire, IL, USA) with a digital camera (Faxitron X-Ray, Lincolnshire, IL, USA). Mesial root length and thickness of the first molar were determined based on the radiographs using ImageJ (National Institutes of Health, Bethesda, MD, USA). Microcomputed tomography (mCT) analysis was performed with the Scanco mCT35 (Scanco Medical, Bassersdorf, Switzerland) as described previously. 3 For scanning electron microscopy analysis, the samples were embedded in methyl methacrylate and cut to expose the dental pulps and root canals; the surface was then polished using alumina alpha micropolish II solution (Buehler, Lake Bluff, IL, USA). For backscatter electron microscopy analysis, samples were then coated with carbon; while for the acid-etch electron microscopy analysis, samples were acid etched with 37% phosphoric acid for 5 s, 5% sodium hydrochloride for 5 min, goldcoated and then scanned by a FEI/Philips XL30 field-emission environmental scanning electron microscopy (FEI/Philips, Hillsboro, OR, USA) as described previously. 23 
Statistical analysis
Data analysis was performed with one-way analysis of variance (ANOVA) for multiple-group comparison. If significant differences were found with one-way ANOVA, the Bonferroni method was used to determine which groups were significantly different from others. The quantified results were presented as the mean6standard error of the mean (S.E.M.). P,0.05 was considered statistically significant.
RESULTS
A patient with a DMP1 M1V mutation displayed deformed teeth
We previously reported that a DMP1 M1V mutation was identified in an ARHR patient. 2 The DMP1 in this patient had a start codon mutation (ARG) resulting in the substitution of the initial methionine with valine. As a result, the original start codon lost its function and a subsequent signal acted as a new start codon for the protein translation (Figure 1a ). Further analysis revealed that the M1V mutant DMP1 protein was wholly retained within the cells as the 94-kDa full-length DMP1 without cleavage, consistent with the change of translational initiation (at an internal methionine) that results in the loss of the ERentry signal peptide. 2, 24 Dental radiographs ( Figure 1b , upper panel) showed enlarged pulp cavities and root canals as well as thinner dentin, compared to an age-matched control (Figure 1b, lower panel) . These dental defects were very similar to those of other DMP1 mutation kindreds 25 and Dmp1 2/2 mice.
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NLS DMP1 did not rescue the dental defects of Dmp1 2/2 mice To understand whether DMP1 plays a role in the nuclei in vivo, we generated Col1a1-NLS DMP1 transgenic mice, which not only mimic
Nuclear expression of DMP1 in odontogenesis SX Lin et al 134 the M1V mutation that leads to the suppression of its secretion, but also ensure its nuclear transportation by using an NLS sequence to replace its ER-entry signal sequence. Three of five independent lines were then crossed with the Dmp1 2/2 mice to introduce NLS DMP1 into the Dmp1 2/2 background. All three transgenic lines showed a similar phenotype, although only the results obtained from line #95 were presented. Immunohistochemistry staining of DMP1 revealed that in the control Dmp1 1/2 mice, endogenous DMP1 was detected in the dentinal matrix and alveolar bone matrix, as well as the cytoplasm and dendrites of odontoblasts (Figure 2a-2c ), compared to no signal in the Dmp1 2/2 mice (Figure 2a-2c) . Notably, NLS DMP1 was identified in the nuclei, cytoplasm and dendrites of the pre-odontoblasts and odontoblasts, but not in the dentinal matrix of the Dmp1 2/2 ; Col1a1-NLS DMP1 mice (Figure 2a-2c) . Next, a series of experiments were performed to assess whether the targeted expression of the NLS DMP1 had rescue effects on the Dmp1 null dental defects. The representative radiographs demonstrated that, similar to the Dmp1 2/2 teeth, the teeth of the Dmp1 2/2 ; Col1a1-NLS DMP1 mice teeth displayed significantly thinner dentin and shorter roots (Figure 2d, Supplementary Figure S1a and S1b, P,0.01), enlarged pulp cavities and root canals (Figure 2d ). Histological analysis further confirmed that, similar to the Dmp1 2/2 mice, the Dmp1 2/2 ; Col1a1-NLS DMP1 mice teeth manifested a reduced thickness of the dentin walls and an increased thickness of the pre-dentin zone (Figure 2e-2f) , indicating that there was a partial failure of pre-dentin to dentin maturation. At 6 weeks of age, the expanded pre-dentin remained, and the interglobular dentin, which originated from the incompletely calcified dentinal matrices between the calcified globules, were found in both the Dmp1 2/2 and Dmp1
2/2
; Col1a1-NLS DMP1 mice (Figure 2g ). In addition, larger collagen fibers (Figure 2h ) and high levels of biglycan (Figure 3f) were present in the dentin or pre-dentin in both the Dmp1 2/2 and Dmp1
; Col1a1-NLS DMP1 mice, compared to the control mice. Furthermore, DSPP is predominantly expressed in the odontoblast and is essential for dentin mineralization, [26] [27] immunohistochemical staining revealed that DSP, the amino-terminal portion of DSPP, was considerably decreased in both the Dmp1 2/2 and Dmp1 2/2 ; Col1a1-NLS DMP1 mice (Figure 2i ). Scanning electron microscopy analysis showed few dentinal tubules and branches in both Dmp1 2/2 and Dmp1
; Col1a1-NLS DMP1 mice (Figure 3j ). All of these data demonstrated that the NLS DMP1 transgene failed to rescue the defects in odontoblast maturation and dentinal mineralization in Dmp1 2/2 mice.
NLS DMP1 did not cure the defects of periodontal structures in Dmp1 2/2 mice We previously reported that Dmp1 2/2 mice developed an early-onset periodontal defect, [3] [4] [5] [6] including hypomineralized alveolar bone, . The patient had enlarged pulp cavities and root canals and reduced dentin thickness (arrows) compared to the control. ARGR, autosomal recessive hypophosphatemic ricket; DMP1, dentin matrix protein 1; Mut, mutation; yr., year. abnormal cementum and periodontal ligament (PDL). When the Dmp1 2/2 mice got older, they developed typical combined periodontal-endodontic lesions or tooth exfoliation (Figure 3a) , which might be due to the loss of the periodontal attachment (Figure 3b  and 3c) . As a result, we also analyzed the periodontal structures in different groups to identify whether NLS DMP1 rescued the periodontal defects in Dmp1 2/2 mice. Sirius Red staining further confirmed that the collagen contents had decreased in the PDL (Figure 3d ) and that the collagen fibers appeared to be thinner, suggesting the presence of more reticular fibers (Figure 3e) (Figure 3f) . Furthermore, the alveolar bone was hypomineralized and not well organized in the Dmp1 2/2 and Dmp1 2/2 ; Col1a1-NLS DMP1 mice (Figure 3g-3h) . Collectively, these observations indicated that NLS DMP1 did not rescue the periodontal defects of the Dmp1 2/2 mice.
NLS DMP1 did not prevent the delay of tooth eruption in Dmp1
2/2 mice Unexpectedly, we also discovered a delayed tooth eruption in the Dmp1 2/2 mice. At the age of 10 days, the first molars had not fully erupted and were still partially embedded in the bony crypts in both the Dmp1 2/2 and the Dmp1 2/2 ; Col1a1-NLS DMP1 mice (Figure 4a and 4b) . The development of the bony crypt for the third molars was also delayed in the Dmp1 2/2 and Dmp1 2/2 ; Col1a1-NLS DMP1 mice (Figure 4a and 4b) . By the age of 3 weeks, these third molars had still not fully erupted compared to the control mice (Figure 4c and 4d) . Furthermore, TRAP staining of alveolar bone showed that there was a significant decrease in osteoclast number in both Dmp1 2/2 and Dmp1 2/2 ; Col1a1-NLS DMP1 mice (Supplementary Figure S1c) . These findings suggested that the delayed tooth eruption in the Dmp1 2/2 mice might be due to a decrease in osteoclast activity and that NLS DMP1 did not rescue this defect. ; Col1a1-NLS DMP1 teeth. (f) Higher magnification of the boxed area in (e). Note the widened predentin (arrows) with thinner dentin in Dmp1 2/2 and Dmp1 2/2 ; Col1a1-NLS DMP1 mice. (g) The toluidine blue staining of 6-week-old mouse dentin. Note the widened predentin (arrows) with reduced dentin thickness, as well as the presence of interglobular dentin (arrowheads) in Dmp1 2/2 and Dmp1 2/2 ; Col1a1-NLS DMP1 mice. (h) Sirius Red-stained sections imaged under a polariscope. Orange indicates larger collagen fibers, whereas green means thinner collagen fibers, such as reticular fibers. (i) Anti-DSP-antibody staining of 3-week-old mice. DSP was downregulated in the odontoblasts (arrows) and dentinal matrix (asterisks) of the Dmp1 2/2 and Dmp1 2/2 ; Col1a1-NLS DMP1 mice. (j) Images of the dentinal tubular system from resin-cast acid-etched electron microscopy. Note that the dendritic branches are fewer and disorganized in the Dmp1 2/2 and Dmp1 2/2 ; Col1a1-NLS DMP1 mice. DMP1, dentin matrix protein 1; Dn, dentin; En, enamel; P, pulp; pDn, predentin; PL, periodontal ligament; W, week. ; Col1a1-NLS DMP1 mice, whereas they were barely visible in the Dmp1 2/2 and Dmp1
2/2
; Col1a1-NLS DMP1 mice. In addition, the occlusal surface (arrowheads) of the first molars was partially embedded in the bony crypts in both Dmp1 2/2 and Dmp1
; Col1a1-NLS DMP1 mice. (c, d) Representative radiographs and mCT images of 3-week-old mouse mandibles; note the partial eruption of the third molars (arrows). 1st, first molar; 2nd, second molar; 3rd, third molar. D, day; W, week. DMP1, dentin matrix protein 1; mCT, microcomputed tomography.
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DISCUSSION
DMP1 is actively expressed in the mandibular odontoblasts, osteoblasts and osteocytes. In vitro studies suggested that the DMP1 Cterminal contains NLS signals and can function as a transcription factor during osteogenesis/odontogenesis. 16 In this study, we investigated the potential nuclear function of the full-length DMP1 in vivo in odontogenesis using a clinical case and mutant mouse models. Our results showed that (i) DMP1 mutations (M1V, resulting in a loss of the ER-entry signal peptide but with the intact DMP1 preserved in the cell) led to enlarged pulp/root canals and thin dentin; (ii) the nucleustargeted Dmp1 transgene failed to rescue the tooth defects in Dmp1 null mice; and (ii) Dmp1 null mice unexpectedly developed delayed tooth eruption, which was not rescued by the nucleus-targeted Dmp1 transgene either. Thus, the current studies do not support the hypothesis that the full-length DMP1 has any nuclear function in vivo.
We previously reported that the re-expression of secretory fulllength Dmp1 under the control of a 3.6 kb Col1a1 promoter completely rescued the skeletal defects and serum biochemical abnormalities of Dmp1 2/2 mice by the age of 7 weeks. 23 However, when the same 3.6 kb Col1a1 promoter was used to drive the expression of nucleustargeted NLS DMP1, different transgenic lines (Line #95 and Lin #97, Supplementary Figure S1d) consistently showed that the NLS DMP1 failed to rescue the defects of the tooth and periodontal structures or the delayed tooth eruption observed in Dmp1 2/2 mice. In addition, we showed that the ARHR patient with a M1V mutation, which presumably affected the secretion of DMP1 but not its nuclear localization, manifested a typical rachitic tooth defect. These mouse and human genetic studies suggest that DMP1 might have no apparent role in the nucleus in vivo.
George's group [16] [17] proposed that DMP1 may shuttle between the nucleus and extracellular milieu, as they observed that DMP1 contains both the functional NLS and the functional nuclear export signal sequences. 16 They speculated that during osteoblast/odontoblast differentiation, the extracellular DMP1 is taken up again by the cells via glucose-regulated protein-78-mediated endocytosis and subsequently transported into the nucleus to regulate the expression of the osteoblast-/odontoblast-specific genes. 17 They also proposed that during osteoblast maturation, DMP1 is phosphorylated and exported into the extracellular matrix to regulate matrix mineralization. 16 In the current study, we demonstrated that NLS DMP1 is localized in the nuclei of Dmp1 null odontoblasts and that the M1V mutant DMP1 with the NLS signal in its intact molecule should be able to enter the nuclei. Therefore, both NLS DMP1 and M1V mutant DMP1 should be exported into the extracellular matrix. However, we showed that NLS DMP1 was neither found in the matrix nor did it rescue any dental defects of Dmp1 2/2 mice. Furthermore, the ARHR patient with a M1V mutation developed a typical rachitic dental defect that is similar to those of other ARHR patients. 3, 25 Interestingly, our recent findings suggest that there might be a nuclear isoform of DMP1 (referred to as 'nuDMP1') translated from an alternative downstream in-frame start codon (AUG 210 or AUG 227 for mouse Dmp1) of the same mRNA that encodes the secretory DMP1. [28] [29] This nuDMP1 form lacks the ER-entry signal sequence and the 37 kDa NH 2 -terminal sequence, but maintains the NLS sequence in its COOH-terminal. Our studies revealed that the nuDMP1 enters the nucleus and regulates cell differentiation in vitro. [28] [29] It is possible that the 37 kDa NH 2 -terminal sequence may present a steric hindrance that interferes with the function of nuDMP1, as the 57 kDa COOH-terminal fragment of Dmp1 transgene fully rescued the Dmp1 2/2 defects. 23 However, the intact DMP1 form with the mutated cleavage sites (i.e., no 37 kDa NH 2 is removed from the COOH-terminal fragment) failed to do so. [30] [31] Currently, we plan to test this theory by crossing the nuDMP1 transgene into the Dmp1 2/2 background.
In summary, we have demonstrated that the nucleus-targeted fulllength DMP1 failed to rescue the dental defects in Dmp1 2/2 mice, suggesting that full-length DMP1 plays no apparent role in the nucleus in vivo during odontogenesis as is widely believed.
